to identify critical regions required for the targeting of chimeric receptors in our expression cloning of olfactory receptors. olfactory receptors to the plasma membrane by generating chimeras of these receptors with the ␤ 2 -adrenergic A PCR-based amplification strategy taking advantage of the homology shared among olfactory receptors at receptor (McClintock et al., 1997).
We have devised an approach that allows us to generthe beginning of TM II and the end of TM VII was used to generate a product containing a large number of olate rapidly a large number of olfactory receptor sequences suitable for functional expression in HEK-293 factory receptor sequences. Because previous studies have localized critical residues for ligand binding in other cells. This expression cloning approach stems from knowledge of the mechanism of ligand binding in two G protein-coupled receptors between TM II and TM VII (see Introduction), we reasoned that the insertion of a model systems. In the case of the ␤ 2 -adrenergic receptor, critical residues for agonist binding and receptor cloned TM II-VII segment into an expression vector backbone might impart to the resulting chimeric protein activation have been identified in TM II, III, V, and VI. Cross-linking studies have further identified particular the ligand specificity of the corresponding full-length receptor. The structure of the overall construct, pCMVresidues within these regions that form the binding pocket and directly contact the ligand (Strader et al., Rho/M4 NC , is shown in Figure 1A . The degenerate oligonucleotides are flanked by the coding sequences for 1994). For the visual pigments, the 11-cis retinal moiety, which controls activation of the pigment, is covalently the appropriate regions of the mouse M4 receptor. The PCR product amplified from mouse olfactory cDNA was linked through a Schiff base to a lysine residue in TM VII of the opsin (Nathans and Hogness, 1984) . Additional inserted between the PstI and BspEI sites, and the resulting clones were arrayed into 480 microtiter wells. residues located in TM IV and VI interact with the chromophore to determine the absorption spectrum for a Sequence analysis of 26 random clones revealed that all but 3 were distinct sequences. Although each insert given pigment (Merbs and Nathans, 1993). Studies on additional G protein-coupled receptors that recognize shared hallmarks of previously characterized olfactory receptors, the sequenced receptors were all new memsmall ligands also support the notion that ligand binding is largely restricted to the transmembrane regions bers of the olfactory receptor family and were distributed broadly (shown in boldface in Figure 1B ) across a simi- (Strader et al., 1994) . Moreover, the high degree of diversity in these regions of olfactory receptors, as noted by larity dendrogram, which also depicts ten previously cloned olfactory receptors (Buck and Axel, 1991) (shown Buck and Axel (1991), is consonant with the idea that these regions contribute to the recognition of a broad in italics in Figure 1B) . Thus, the arrayed receptor plasmids represented a diverse library of olfactory receptor repertoire of ligands by the receptors. Accordingly, we employed a PCR strategy that allowed us to clone effisequences amenable to expression studies. ciently the TM II-VII region of a significant fraction of the mouse olfactory receptor family in an expression Establishment of the Functional Expression vector and use them for functional studies.
System-Analysis of ␤ 2 -Adrenergic In order to facilitate functional expression in HEK-293
and Rat I7 Receptors cells, we took advantage of the finding that rhodopsin
The functional analysis of expressed receptors requires shows a high level of expression in this system as well a robust and sensitive assay system suitable for efficient as efficient translocation to the plasma membrane (Sung screening with a large number of ligands. Although the et al., 1991; see also Figure 2A , leftmost panel). The established role of cAMP in olfactory signaling offers a expression constructs we generated all had a rhodopsin biochemical approach involving measurement of cAMP N-terminal extension that we found empirically to faciliproduction in response to odorant stimulation, an altertate translocation of the synthesized proteins to the native, rapid assay would be to coexpress the cloned plasma membrane.
receptors with G␣ 15,16 subunits, which can promiscuously Our approach provides a model system for the study couple 7-TMD receptors that normally signal through other of ligand specificity and structure-function relationships second messengers to the PIP 2 pathway (Offermanns for olfactory receptors.
and Simon, 1995). In this reporter system, receptor activation leads to the generation of an IP 3 -mediated increase in intracellular Ca 2ϩ , which can be measured Results at the single-cell level with high sensitivity and good temporal resolution using the dye FURA-2 and ratiofluo-
Cloning of TM II-VII Chimeric Receptors
In initial experiments, the 5Ј-untranslated region of the rometric imaging. These attributes were able to compensate for the low transfection efficiency in transient rhodopsin gene, together with its coding region for the initiation methionine and the next 19 residues, were expression systems that would hinder more traditional biochemical assays. joined to a full-length cDNA for the olfactory receptor M4 (Qasba and Reed, 1998) Figure 2C , left panel) produced a small response to isoproterenol, presumably due to some endogenous ␤-adrenergic receptors on their surface, but odorants such as heptanal (7-al) and octanal (8-al) had no effect (data not shown).
In a recent study (Zhao et al., 1998), the viral introduction of the full-length rat I7 receptor into olfactory neurons in vivo resulted in an increased electroolfactogram to octanal. As a second test example, we generated the Rho/M4 NC -ratI7 TM II-VII chimeric construct and coex- among the 26 odorants initially tested (see Table 1 ). indicated that the I-D3 receptor was responsive to both Table 1, except for an interposed, cotransfected with G␣ 15,16 into HEK-293 cells, and only the relevant second application of (Ϫ) and (ϩ) carvone, as well as pyridoxine odorants were applied. All odorants were bath applied at 10 M. instead of 9-and 10-aldehydes in (A). The odorants 9-and 10-The response of the cells to carvone, (Ϫ) citronellal, and limonene, aldehydes were missing in (B), and 6-, 9-, and 10-aldehydes were respectively, were confirmed. The Ca 2ϩ signals were averaged from missing in ( To confirm that the above responses were indeed also tested (corresponding to the first five odorants applied in Figure 5C , left panel), all at 30 M. Among these, representative of the corresponding full-length proteins rather than just the TM II-VII sequences in the chimeric only 30 M (Ϫ) citronellyl bromide elicited a small response. This compound differs from (Ϫ) citronellal by constructs, we used the I-C6 receptor as a test case by isolating a genomic clone of its entire coding sequence the substitution of a bromine for the oxygen atom in the aldehyde functional group. The lack of response to (Ϫ) and fusing it to the rhodopsin tag. The full-length I-C6 receptor retained the same stereo selectivity as the TM citronellal in Figure 5C (left panel) was presumably due to desensitization resulting from the positive response II-VII construct by preferring the (Ϫ) isomer of citronellal; In the course of experiments to establish the functional expression of mouse olfactory receptors, we also generated the Rho/M4 NC -mouseI7 TM II-VII chimeric receptor I7 chimeric receptor responded better to octanal than to heptanal in identical experiments ( Figure 2D , left panel). and examined its responsiveness to several n-aliphatic aldehydes and alcohols. To our surprise, at 10 M conThis difference in odorant selectivity was retained by the full-length clones of the two receptors fused to the centrations of these odorants, the mouse receptor responded only to heptanal ( Figure 6A , left panel; note rhodopsin tag ( Figures 2E and 6B, left panels) . The rat and mouse I7 receptors differ in altogether 15 amino that the background noise in this trace is relatively high and the fast spikes in the trace are not correlated with acid residues, three of which (K 90 E in the first extracellular loop, V 206 I in TM V, and F 290 L in TM VII) reside between odorant applications). As described previously, the rat TM domains II and VII. In light of the critical role of furthermore, prefer (Ϫ) citronellal to the (ϩ) isomer. It is residues in TM V for ligand binding in the ␤ 2 -adrenergic difficult to generalize from just three receptors to the receptor, we examined the role of residue 206 in differenrest of the family. However, more light can be shed on tial ligand recognition. Reciprocal valine/isoleucine subthis question by rescreening the 80 clones we have stitutions were made in the full-length rat and mouse I7 studied against a larger panel of odorants and by exreceptor sequences. These substitutions were able to panding the screen to the 400 untested clones in the switch the ligand preferences of the two receptors, library. Finally, it is likely that the ongoing efforts in other namely making the rat I7 receptor preferentially recoglaboratories to elucidate the genomic organization and nize heptanal and the mouse receptor preferentially rec-DNA sequences of olfactory receptors will converge with ognize octanal (Figures 6C and 6D, left panels) . Interestthe functional analysis described here to increase the ingly, the nature of these changes, isoleucine versus number of examples where the ligand recognition propvaline and heptanal versus octanal, is consistent with erties of the chimeric and full-length receptors can be compensatory alterations in the structures of ligand and examined. It may turn out, for example, that sequences receptor that preserve the complementarity between the in TM I are required for ligand binding to some receptors. two. These observations provide strong evidence for a Moreover, the availability of high-throughput, Ca 2ϩ -direct role of residue 206 in the interaction between the release-based screening protocols will provide the op-I7 receptor and aliphatic aldehydes. portunity to greatly expand the matrix of known ligandreceptor interactions.
Discussion
As described earlier, the receptor library that we have generated with a single pair of degenerate primers in gated to a higher-affinity receptor incapable of stereorecognition.
PCR Amplification of Fragments for Receptor Coding
The above considerations raise the point alluded to 
